INTRODUCTION
Nucleic acid amplification platforms can be plagued with non-specific amplification that can lead to false-positive or -negative results in real-time detection. The use of sequence-specific probes rather than non-specific DNA intercalating dyes can ameliorate this falsepositive problem. Currently there are several sequence-specific probes for use in real-time amplification and detection, for example, molecular beacons (1), hydrolysis probes [TaqMan, 5′ nuclease assays (2)], and FRET hybridization probes (3) . The TaqMan assay is one of the most frequently utilized platforms for both research and molecular diagnostics. Several new technologies have been combined with the TaqMan platform to improve the detection performance (i.e., signalto-noise ratio). For example, locked nucleic acids (LNA) and minor groove binding protein (MGB) can enhance the melting temperature (T m ) of a shorter length probe (4) . A TaqMan probe with the MGB or LNA modification can increase the sensitivity and accuracy of allele determination in real-time PCR or other methods that use differential hybridization to distinguish polymorphisms (5) (6) (7) .
Interestingly, the TaqMan probe has not been applied to the real-time detection of isothermal amplification products. There are several platforms for isothermal amplification, including strand displacement amplification [SDA (8) ], transcription-mediated amplification [TMA (9) ], rolling cycle amplification [RCA (10) ], loop-mediated amplification LAMP [11] ), nucleic acid sequence-based amplification [NASBA (12) ], and helicase-dependent amplification [HDA (13) (14) (15) ]. Most of the isothermal amplification technologies rely on a 5′-3′ exonuclease deficient DNA polymerase (SDA, RCA, LAMP) or an RNA polymerase (TMA, NASBA). The limitation of the choices of polymerases and the complicated reaction schemes have been a barrier to the implementation of TaqMan assays in isothermal real-time detection. Instead, isothermal amplification platforms have used a variety of other probe-based detection methods such as molecular beacons with NASBA (16) , and fluorescence transfer probes (dual-dye labeled hairpin probe) with SDA (17) .
HDA differs from other isothermal amplification technologies because it employs a similar reaction mechanism to PCR, with the exception that HDA uses a helicase enzyme rather than heat to separate double-stranded DNA or RNA. Like PCR, the simple reaction scheme requires a pair of primers, a protein mix (helicase and DNA polymerase), and buffer. The similarity between HDA and PCR and the simplicity of the HDA scheme makes it easier to utilize different real-time PCR detection platforms with HDA. In addition, HDA has the potential to be utilized in conjunction with a portable real-time analyzer, allowing for the creation of a low-cost isothermal quantitative platform. In our previous research, we have successfully developed real-time HDA assays that employ EvaGreen DNA intercalating dye, molecular beacons, and MGB Eclipse probes (Nanogen, Inc., Bothell, WA, USA) (15, 18) . We also found that real-time signal can be detected from a TaqMan MGB probe used with the commercially available thermo-
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Design and screening of primers and probes
Primers used in this study were designed by the Primer3 program (frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi). The parameters utilized for primer selection are described in the manual for the IsoAmp II Universal tHDA kit. Generally, several primer pairs were identified by the Primer3 program for each target gene. The performance of each primer pair was evaluated using an IsoAmp II kit by following the real-time detection protocol with EvaGreen as the detection dye. An ABI 7300 real-time thermo- Arrows indicate specific primers; ellipses indicate DNA polymerase with 5′ ′ to 3′ ′ nuclease activity; triangles indicate helicase; R represents probe reporter dye; Q represents probe quencher dye. Double-stranded DNA (black lines) is first unwound by helicases under the help of accessory proteins, and then the sequence-specific primers and probes bind the target. DNA polymerases extend the hybridized primers and hydrolyze the probes during polymerization. Therefore, the reporter dyes are cleaved from the probe and release fluorescent signal, and at the same time the new DNA strands (red lines) are synthesized to form double-stranded DNA. This process repeats itself to achieve exponential amplification and detection of the target sequence.
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cycler (Applied Biosystems, Foster City, CA, USA) was used to monitor the amplification reactions in real time. The best primer pairs for each target gene (as determined by the highest detection sensitivity and the least nonspecific amplification products) were chosen for further optimization, as described previously (15) . TaqMan MGB probes were designed using the software Primer Express 3.0 from Applied Biosystems with the following parameters: length: less than or equal to 24 nt; estimated T m : 73-76°C. The experimental T m of designed probes was ∼65°C under HDA conditions. The specificity of the primers and probes were also analyzed with BLASTN (www.ncbi.nlm.nih. gov/blast/Blast.cgi) in order to prevent cross-reactivity. The primers, probes, and target genes used in this study are listed in Table 1 .
Gst DNA polymerase Gst DNA polymerase Gst
Gst DNA polymerase was purified Gst DNA polymerase was purified Gst from Escherichia coli cells expressing the recombinant Geobacillus stearothermophilus DNA polymerase I gene cloned on plasmid pET21at-GstPol (Gst DNA polymerase gene cloned into Gst DNA polymerase gene cloned into Gst pET21at vector). The culture was grown on LB medium containing chloramphenicol (34 μg/mL) and ampicillin (100 μg/mL). When the culture reached ~0.6 OD at A 600 , protein expression was induced with 0.5 mM isopropyl-β-Dthiogalactopyranoside (IPTG) and cells were incubated for 3 h at 37°C. Induced cells were harvested by centrifugation and pellets were stored at -20°C.
All purification procedures were performed at 4°C using AKTA FPLC (GE Healthcare Biosciences, Piscataway, NJ, USA). Cells from a 3-L culture were resuspended in 75 mL Tris Buffer A (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 10 mM 2-merchaptoethanol, and 5% glycerol) containing 50 mM NaCl, and sonicated. Cell lysates were centrifuged at 12,000× g for 30 min and the clarified extract was incubated at 65°C for 20 min to denature thermoliable proteins. After centrifugation at 12,000× g for 50 min, the supernatant was applied to a HiTrap Q HP column (GE Healthcare Biosciences). Proteins were eluted from the column using a salt gradient of 50-500 mM NaCl. Fractions containing Gst DNA polymerase were Gst DNA polymerase were Gst combined and further purified using a Hitrap Heparing HP (GE Healthcare Biosciences) and then a column packed with Source 15Q (GE Healthcare Biosciences). Purified polymerase was dialyzed against a storage buffer (20 mM Tris-HCl, pH7.5, 50 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, and 50% glycerol). Specific activity of the purified polymerase was measured and determined as: one unit of polymerase is defined as the amount of enzyme that incorporates 10 nmol of dNTP into acid insoluble material in a total volume of 50 μl reaction mixture in 30 min at 65°C. The reaction mixture contains 50 mM KCI, 20 mM Tris-HCI (pH 8.8), 10 mM MgCl 2 , 30 nM M13mp18 SS DNA, 70 nM M13 sequencing primer (-47) 24-mer, 200 μM dATP, 200 μM dCTP, 200 μM dGTP, 100 μM 3 H dTTP, and 100 μg/ mL BSA.
HDA-TaqMan assay
The basic components of the HDA-TaqMan assay are similar to the components of the IsoAmp II Universal tHDA kit: it is one step qHDA assay, except that the IsoAmp Enzyme mix was replaced by a new enzyme mix containing the Gst DNA polymerase, Gst DNA polymerase, Gst and the EvaGreen detection dye was replaced by the TaqMan MGB probe. In a 50 μl reaction (in this article), the new enzyme mix included 200 ng of thermostable helicase from Thermoanaerobacter tengcongensis Gst DNA polymerase were evaluated Gst in the new enzyme mix. The optimal conditions included 60 units of Gst DNA polymerase for each reaction. The optimized enzyme mix contained 2 μl of enzyme mix (includes 200 ng TteUvrD, 50 ng ET SSB, and 60 units of Gst DNA Gst DNA Gst polymerase) in a 50 μl reaction and was utilized in the following HDA-TaqMan assays for Biodefense targets.
The HDA-TaqMan assay was developed for use in an ABI 7300 real-time PCR machine. Real-time detection was set up using the following parameters: reporter dye, FAM (and/or VIC); quencher, none; passive reference dye, ROX. The PCR program was 45 cycles of 66°C for 5 s and 65°C for 1 min 55 s, with data collection and real-time analysis enabled.
The cycling program is required by the ABI 7300 machine, which is designed for PCR and requires at least two different temperatures for each stage with data collection. Some other models of real-time thermocyclers can perform the HDA-TaqMan assay without a cycling program, for example, the LightCycler 480 (Roche Applied Science, Indianapolis, IN, USA).
Taq DNA polymerase in the HDATaqMan assay For these assays, Taq DNA polymerase was substituted for Gst DNA polymerase in the enzyme mixture. The components were similar to the HDA-TaqMan assays with Gst DNA polymerase, except that the enzyme mix contained 300 ng TteUvrD helicase, 50 ng ET SSB, and 26.5 units Taq DNA polymerase (total 6 μl for each 50 μl reaction).
HDA-TaqMan assay for V. cholerae
The optimized reaction conditions for V. cholera were 75 nM V. cholera forward primer (VCF), 75 nM V. cholera reverse primer (VCR), and 60 nM V. cholera probe (VCT) with standard conditions described in the data card for the IsoAmp II Universal tHDA kit with the new enzyme mix Amplification of V. cholerae genomic DNA with Taq DNA polymerases at 65°C for 90 min, showed as log view of delta Rn versus cycle. Delta Rn is an ABI thermocycler-specific measurement of signal magnitude. The numbered curves represent the amplification of different amounts of genomic DNA: 1) 500, 000 copies; 2) 50, 000 copies; 3) 5000 copies; 4) 500 copies; 5) 50 copies; 6) negative control. (B) Corresponding standard curve analysis; x-axis, log (DNA copy number); y-axis, C t number. Slope, - 
HDA-TaqMan assay for B. anthracis
The
probe) at 63°C. The multiplex assay for both plasmids included the DNA template and primers (20-μl volume, comprised of 60 nM LpagF, 50 nM LpagR, 75 nM CapBF, 100 nM CapBR, overlayed with mineral oil) were heated at 95°C for 2 min and then set on ice; the reaction mixture (included all other HDA components, the enzyme mix, 30 nM pagT probe, and 30 nM CapBT probe) was added to the heated sample, and then placed at 63°C for 90 min in an ABI 7300 thermocycler for real-time detection with FAM and VIC as the channels monitored for fluorescence.
RESULTS

Use of Gst DNA polymerase can
Gst DNA polymerase can
Gst increase signal-to-noise ratio in real-time isothermal HDA-TaqMan assays
In order to apply the TaqMan technology to real-time HDA assays, we modified the tHDA platform by incorporating the Gst DNA polymerase Gst DNA polymerase Gst into the enzyme mixture containing TteUvrD and ET SSB. The principle of the technology is described in Figure 1 . In this platform, one single temperature allows for helicase unwinding, primer annealing, detection probe hybridization, DNA polymerase hydrolysis, and polymerization.
Previous research had shown that the reaction speed was slower when using the Gst DNA polymerase instead Gst DNA polymerase instead Gst of the corresponding exonucleasedeficient polymerase in a real-time tHDA reaction as detected by EvaGreen (data not shown). This could be due to the difference in strand displacement activity between the two polymerases. In order to test the possibility that Gst DNA polymerase could increase the signal-to-noise ratio by cleaving the TaqMan probes, we compared the fluorescence signal from reactions containing varying concentrations of the above two kinds of polymerases ( Figure 2 ). The amplification target was the rtxA gene, a gene necessary for toxin production and specific for V. cholerae identification (4). 500,000 copies of V. cholerae genomic DNA were amplified using the primers VCF and VCR as described in the Materials and Methods. The TaqMan MGB probe VCT was used in the reaction. When Gst DNA polymerase Gst DNA polymerase Gst was included in the reactions ( Figure  2A , line nos. 2-6), the fluorescence signal was dramatically increased compared with the reactions containing only the exonuclease-deficient DNA polymerase (Figure 2A , line no. 1). The corresponding dissociation curve analysis showed that the probe was degraded by the 5′ nuclease activity of the Gst DNA polymerase. In addition, Gst DNA polymerase. In addition, Gst the C t values (C t , threshold cycle, i.e., the cycle number at which fluorescence exceeds threshold levels) for the tHDA reactions with Gst DNA polymerase Gst DNA polymerase Gst were dramatically reduced. Therefore, use of Gst DNA polymerase can dramatically improve the quality of the fluorescent signal of the TaqMan MGB probe, allowing for earlier (smaller C t ) and faster overall detection time in the tHDA reactions.
HDA-TaqMan assays do not require asymmetric amplification conditions
Asymmetric amplification conditions are not necessary for real-time TaqMan PCR. Previously, all probe-based detection methods utilized with tHDA have required asymmetric amplification conditions to generate single-stranded amplicon for the probes to bind to. In this experiment, asymmetric conditions for amplification were compared with symmetric conditions as described in Materials and Methods. The primers, probe and target were the same as used for the previous experiment.
V. cholerae genomic DNA was evaluated from 500,000 copies to 500 copies in duplicate with dH 2 O as the negative control. Two primer mixtures were compared in this experiment: Primer Mix 1 (symmetric), wherein the final concentration of each primer was 75 nM in a 50-μl HDA reaction, and Primer Mix 2 (asymmetric), wherein the final concentration was 75 nM for 
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VCF and 150 nM for VCR in a 50-μl HDA reaction.
The standard curve analysis of the amplification reactions showed that the slopes of the two lines representing the asymmetric and symmetric amplification conditions were similar in this case. However, on average, the C t values for the asymmetric condition were ∼2 cycles less than for the symmetric condition (∼4 min earlier) (Figure 3 ). This may be because a higher concentration of primers can increase the frequency at which primers bind to targets, therefore increasing the rate of amplification and detection. In summary, asymmetric conditions are not necessary for real-time HDA-TaqMan assays, although they may generate a faster reaction in some cases. This can broaden the choices for tHDA optimization, allowing for the adjustment of the primer concentrations in order to enhance reaction speed if so desired.
Taq DNA polymerase can be utilized for the HDA-TaqMan assay
The Taq DNA polymerase is the first thermostable polymerase identified and used in PCR, and also has been used as the polymerase of choice in TaqMan assays. It has no strand displacement activity because it destroys the displaced strand by its fast 5′ nuclease activity. In traditional TaqMan PCR, the thermocycling program is 30-40 cycles of 15 s at 95°C to denature the DNA and 1 min at 60°C for primer annealing and primer extension. HDA is an isothermal technology that utilizes helicase unwinding instead of heat denaturation to separate the double-stranded nucleic acids. In order to test whether a helicase could eliminate the heat denaturation step required for real-time TaqMan assays, Taq DNA polymerase was tested in an HDA-TaqMan format.
26.5 units of Taq DNA polymerase (New England Biolabs) were used to prepare a Taq enzyme mix for tHDA that included 300 ng TteUvrD helicase and 50 ng ET SSB in a 50-μl reaction. V. cholerae genomic DNA was tested from 500,000 copies to 50 copies in duplicate with dH 2 O as a negative control (Figure 4 ). The C t for 50 copies t for 50 copies t of target was ∼26 (∼52 min), and the C t for 500,000 copies of target was ∼15 (∼30 min). This experiment showed high detection sensitivity for the tHDA TaqMan platform that utilizes Taq DNA polymerase, detecting as few as 50 copies within 1 h. This demonstrated the feasibility of using the Taq DNA polymerase in isothermal tHDATaqMan assays. This unique property of HDA can broaden the choices of DNA polymerases for assay development.
Development of a multiplex HDATaqMan assay for B. anthracis
The genes responsible for conveying the toxicity of B. anthracis are found on two extra-chromosomal plasmids, pXO1 and pXO2. It is critical to differentiate virulent strains possessing both plasmids from avirulent strains that may contain one of the plasmids but not the other. The pagA gene of pXO1 and cafB gene of pXO2 were selected as the target genes for the development of the real-time tHDA assay for B. anthracis (19, 20) . Individual HDA-TaqMan assays for each target were developed and optimized prior to the development of a multiplex assay. Figure 5 shows the standard curve analysis from one example of the singleplex assays for pXO1 and pXO2, wherein the detection sensitivity could reach at least 300 fg (approximately 50 genomic copies) of purified DNA for each plasmid.
The copy number of each plasmid can be variable for different strains of B. anthracis (19) . Generally, the copy number of pXO1 is 24-242 copies per cell, whereas the copy number of pXO2 is 1-32 copies per cell. The larger quantity of pXO1 over pXO2 increases the challenge in developing a multiplex assay that is capable of detecting each plasmid with equal efficiency. For example, the test strain (Ames strain) has ∼65 copies of pXO1 and 2 copies of pXO2 per cell.
Conditions were further optimized for multiplex amplification and detection on the tHDA platform. The competition between the two targets was observed in the multiplex amplification reactions. Generally, for each target, threshold cycles were delayed by 2-5 C t (4-10 min, data not shown) t (4-10 min, data not shown) t on average compared with reactions performed individually. However, heat denaturation of the oligonucleotide mix that included the template and primers at 95°C for 2 min before the tHDA- TaqMan assay greatly stimulated the reaction. In order to resolve the competition between the two targets with unequal copy numbers, different primer ratios were evaluated. Figures 5 shows an example of the results obtained when the conditions were modified by denaturing the oligonucleotide mix (primers and probes) and adjusting the concentrations of each component (as described in the Materials and Methods section). The resulting multiplex tHDA assay reached a detection limit of 300 fg for each target. As shown in Figure  5 , the amplification efficiencies of the two amplicons were similar under these multiplex conditions but both were slower than under their respective singleplex conditions without heat denaturation. This demonstrates the feasibility of creating successful multiplex HDA-TaqMan assays, even under challenging conditions in which the copy number of each target had at least a tenfold difference, but with the requirement for an initial denaturation step such that the assay is not entirely isothermal.
DISCUSSION
PCR has evolved over the past 20 or more years to be a highly versatile, multifunctional amplification platform. For the majority of PCR applications, three cycling temperatures are utilized. However, the TaqMan assay platform utilizes a two-temperature thermocycling process, with denaturation occurring at one temperature followed by annealing and extension at the second temperature, during which the DNA polymerase can hydrolyze the hybridized TaqMan probes and extend the DNA strands simultaneously.
HDA is a novel isothermal technology platform that employs essentially the same reaction scheme as PCR, except that a helicase, rather than heat, separates the double stranded DNA or RNA. Thus, the entire reaction can occur at a single uniform temperature. In this study, we have demonstrated that it is possible to develop an isothermal real-time TaqMan platform (HDA-TaqMan) by using a helicase to replace the heat denaturation of PCR and a DNA polymerase that contains a 5′ to 3′ nuclease activity. This platform was first evaluated with the Gst DNA Gst DNA Gst polymerase, a minor modification to the current commercially available tHDA platform. The platform was further refined by testing the Taq DNA polymerase, a widely used enzyme for real-time PCR with the TaqMan probes. This illustrates the feasibility of creating multiple types of HDA-TaqMan assays with the ability to select a different polymerase depending on the specific requirements of the assay. This flexibility is one of the advantages of the HDA platform over the other isothermal technologies. With this platform, it is possible to further expand the possibilities available for isothermal TaqMan assays, allowing for the development of isothermal real-time SNP detection and isothermal real-time RT-HDA for RNA targets (unpublished data Although all of the assays developed in this article were performed in a standard real-time PCR machine, a simplified machine (with a heat block for temperature control and an optical system for detection of fluorescent signal) for isothermal HDA-TaqMan is currently in development and will be tested in the near future. It will provide an inexpensive field-deployable system for fast molecular diagnostics in rural settings. One of the rate-limiting factors for real-time PCR is the time required for mechanical thermocycling. In order to improve the speed of a PCR reaction, high-end PCR machines utilize sophisticated systems to enable fast cycling, which also increases the cost. However, for the isothermal HDA-TaqMan platform, reaction speed is a function of the reagent components, rather than a limitation in equipment. HDA can be further improved by additional reagent optimization (for example, optimization by the development of a more efficient helicase or polymerase, or optimization through an enhancement of protein quality). In summary, isothermal HDA-TaqMan combines the advantages of both an HDA and TaqMan assay. It provides a feasible solution for the development of a fast and inexpensive nucleic acid amplification and detection system, which can be utilized in a variety of different hospital and laboratory settings. With further maturation of the technology, cost will no longer be a concern for the application of molecular diagnostics in developing countries or rural settings. 
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